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(54) Non-synchronous laser-assisted myocardial revascularization 



(57) A method of selecting laser parameters for per- 
forniing laser-assisted myocardial revascularization to 
avoid inducing undesired cardiac arrhythmia without 
synchronization of delivery of laser energy and the pa- 
tient's cardiac cycle, the method comprising the steps 
of minimizing the power level of laser energy used, 
thereby decreasing the overall trauma to the heart, se- 
lecting a pulse frequency as great as possible while 
avoiding adverse summation effects, selecting a pulse 
width as wide as possible to prevent excessively high 
peak powers per pulse and not so wide as to cause un- 
desired thermal damage, selecting an energy flux rate, 
shaping the front end of each pulse of laser energy to 
provide efficient, non-explosive TMR channeling, and 
correcting the selected power level, pulse width, pulse 
frequency and energy flux rate for mechanical events, 
including method of access to the heart, position of se- 



lected portions of myocardium in the heart, temporal du- 
ration of the procedure, natural movement of the heart, 
specific heart geometry, pre-existing heart arrhythmia 
and other factors causing a predisposition to heart ar- 
rhythmia. A method for performing laser-assisted trans- 
myocardial revascularization (TMR) and percutaneous 
transluminal myocardial revascularization (PTMR) us- 
ing such laser energy with parameters selected to avoid 
inducing undesired cardiac arrhythmia, the method 
comprising the steps of generating laser energy having 
a predetermined non-square wave shape, a predeter- 
mined wavelength, a predetermined energy flux and a 
predetermined power level, and delivering the laser en- 
ergy in a plurality of pulses, the plurality of pulses having 
a predetermined pulse frequency and a predetermined 
pulse width, to selected portions of myocardium to form 
TMR and PTMR channels without synchronizing deliv- 
ery of the laser beam with the cardiac cycle. 
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The present invention relates to a procedure known as laser-assisted myocardel revascularization and more 

ZZfrl T fT""' °' '"^^ ""'"9 ""^^^y ^^'^^^^^ -'^ ^ ^^-^ deliverymaans according to 
specific parameters, including variable frequency, and without requiring synchronization of laser energy delivery with 
tne Deating of the heart. ' 

<:..„o7„"? ^^^1 °* ^ ^P^'^'^' °* """^'^ myocardium. The myocaidium requires a constant 

supply of oxygen and nutrients to allow It to contract and pump blood throughout the vasculature One method of 
.mproving reduced rnyocardlalbloodsupply is called /«ns^ 

o fromTnir ^^^^^f '^'""1 9«"«'^"y ^"her an outer epicardial surface of the heart fci a surgical p^cedu'e 
o^from an inner endothelium cell covered surface of a heart's endocardium chamber in a percutaneous translumin^ 
myocardial revascularization (PTMR). ■miioiuiimidi 

A procedure using needles in a fomri of myocardial acupuncture was used clinically In the 1960s Deckelbaum L 
I.. Cardiovascular Applications of Laser Technology, Lasers mSu,ge^ya^dhAedicine^b:Q^5-^^ (1994) Thetechnioue 

vessels perforated by the channels or into myocardial sinusoids which connect to the myocardial micrciirculation 
LTLT? ^•"''^•"re. but represent a network of dir^t arteriaHuminal artS 

.c«lly displaces or removes tissue, decreased when it was discovered that the mechanically created channels ctoL^ 
because of acute thrombosis followed by organlzatton and fibrosis of ctots cnanneis closed 

By contrast, recent histological evidence of patent, endolhelium-lined tracts within pathways created with laser 
energy supports the assumption that the lumen of the laser pathways is or can become hemoLpSbte rnd resfe 
occlusK)n caused by thiombcactivation and/or fibrosis. A thin zone of charr^g occurs on the pe^ry of ^lasel- 
IZT T^l^l ""^1 '^^ '""^'''^'^ °' '"'""'^ '='°«"g mechanisms because of the inherent 
hemocornpatibility of carbon. In addition, the precise cutting actton that results from the high absorption and tow sS 

Shlr'r "Z"", ^T'- '"'-^ "^^ '"'"^'^^ ^'"^S^ '° t^-. thus limitinrthe tiSsue 

TaZt nh?n I '"""""^ coagulatton. Recent hfetoiogical studies show that both patent and Z- 

theprocere ' ''^^ 

te,.r°TMn ^ '^^""^'^ ^"^^^ ^^POrted problems associated with 

dt::e^hfaror;rpS^^^^^^^^^ 

?MR ch^nlpt ^ I "'"'""^ ^ *° ^ ^^^^^^^ «"99«s's t^at the creation of 

IZ nStcZg^" ^""^ °' '^^^ ^'^ ^'^^ °' P^'^-^- -V ^ave 

hn,h^l!?«"''?T!^' ^-^^ '^""^^^ 1995 and 5.389,096 issued Feb. 14 1995 

s^J^Lh, P^tK ' f T ""''"^ intraK>perative and percutaneous myocardial revascularization, re- 

PCT WO Q6^?^ ' H synchronizatfon of the laser with the heart beat is necessary to avoid arrhythmias. 
rnL^ 96/35469 issued November 14. 1996 to Aila et al. also discusses apparatus and general methods for per- 
cutaneous myocardial revascularization synchronized with the heart beat to avoid arrhythmias 

Tbi^^lSion Rudko ^ Iff '^^ H r *° ''"'^'^ ■ '° '^^^^ °* "--^^ induced 

h.«!rS teaches a heart-synchronized pulsed laser system for TMR. Utilizing electrical sensing, the 

ie? enetv taTh f '"^ " '"^ '^^'^ automatical^ delivers what appears to be a square p.5se of 

laserenergy to the heart only »i response to electrical detection of a predetemiined portton of the heartbeat cycle 

c,.n^n V^'T^^ ^"^^^^^ P"'^«^ «y«»«^s and parameters are potentially 

damaging to the beatBig heart or Its action and may 

nization to minimize such effects. ^ 

An a^hythmia is a disturbed heart rhythm which often takes over as the primary rtiythm of the heart as evkdenced 

S dH^ i llf dehvenng toser energy to tissue resurts in polarizatbn of ind«,idual cells of the heart in the area 
tr^^^u^l, 7 '"T- °' Ihe specialized conducting cells as well as myocardial cells drives the 

action potential Of cells resultingmresponsivecontractilemotton. Delivering laser energy candismptthe normal rtiy^^ 
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of the heartbeat since the cardiac rhythm can be side-tracked to that of the polarized cells as opposed to propagating 
through the heart along the normal path of the impulse. 

The heart's natural, prinnary pacemaker is found in a group of cells called the sinoatrial or sinus node located near 
the junction of the superior vena cava and the right atrium. The electrical impulse originates in the endocardium and 
propagates through the myocardium to the epicardial surface. The electrical impulse is conducted out of the sinus node 
to the atria, where it stimulates atrial muscle cells to contract, and to the atrioventricular r\o6e. Upon leaving the atri- 
oventricular node, the electrical impulse continues to propagate down the conducting system to the bundle of His, into 
right and left branches thereof. The right bundle spreads the electrical Impulse to the right ventricle and the left bundle 
branch propagates the impulse to anterior and posterior positions in the left ventricle to reach the Purkinje fibers. These 
small fibers form a rapid conduction network through the myocardium to deliver the impulse to all of the indivkJual 
contractile muscle cells of the myocardium. 

The electrical signal travels at different speeds at different parts of the network. While electrical signals on the 
portion of the network extending through the atria have been found to travel at velocities of about 1 meter per second, 
these signals slow to about 0.2 nn/s as they pass through the atrioventricular node. Signal propagation through the 
ventricular Purkinje network, however, is much faster - approximately 4 mis. Thus, the sinus node is responsible for 
producing a repeating electrical impulse which ultimately causes the muscle cells of the heart to contract in repetitive, 
wave-like convulsions. 

The synchronization solutions proposed in the prior art discussed above do not address methods for detecting 
and compensating for hard to detect, abnormal conduction patterns or rhythms which may occur in damaged hearts. 
Additionally, EKG monitoring nr>ay not detect and allow compensation for localized or isolated areas of heart tissue 
which may not be synchronized with other areas of heart tissue. Excitation of such isolated areas may cause arrhyth- 
mias. In additran to the problems discussed above, heart synchronizatbn as described in the prior art limits the amount 
of time the laser can be activated during a heart cycle, thereby increasing the time of a TMR procedure. 

A need exists in the prior art for a method and apparatus for performing TMR and PTMR procedures quickly using 
specified laser parameters selected to minimize possible cardiac arrhythmias without the need for monitoring the heart 
beat. 

EmtxKJiments of the invention desirably facilitate a method for perfomning both transmyocardial revascularization 
(TMR) and percutaneous transluminal myocardial revascularization (PTMR) with laser energy having parameters se- 
lected to avoid cardiac arrtiythmia. 

A method for TMR and PTMR with laser energy having parameters selected to avoid cardiac arrhythmia comprises 
the following steps, in combination of: detemnining a wavelength of the laser energy from a laser selected to perfonm 
either TMR or PTMR; using the wavelength determination to select parameters for the laser energy to produce a non- 
square wave shape; generating the laser energy at the determined wavelength with the selected parameters to produce 
the non-square wave shape; and delivering the generated laser energy in one or more pulses to selected portions of 
heart tissue to perfonn either TMR or PTMR in the myocardium without inducing cardiac arrhythmia and without syn- 
chronizing delivery of the laser energy to a cardiac cycle, site. When using a Holmium:YAG laser in either a TMR or 
PTMR procedure, the selected parameters are power level, energy flux, pulse width, and pulse frequency In a TMR 
or PTMR procedure, the laser energy has a wavelength of between about 1 .8 and about 2.2 microns, an energy flux 
of between 0.7-1 .78 J/mm^ and a power level of at least about 3 watts, the laser energy being delivered with a pulse 
frequency of at least about 5 HerU and a pulse width of between about 150 and about 350 millisecond, the laser energy 
as delivered causing about 5 millimeters or less lateral necrosis surrounding a TMR treatment. When using a Xe:CI 
excimer laser in either a TMR or PTMR procedure, the laser energy has a wavelength of about 0.308 microns, a power 
level of between 0.3- 2.0 watts and an energy flux of between about 25-80 mJ/mm^, and is delivered with a pulse 
frequency of between about 5-25 Hz and a pulse width of between about 20-200 microseconds, and causes about 5 
microns lateral necrosis surrounding the TMR channel produced thereby. When using a CO2 laser for the TMR proce- 
dure, the laser energy has a wavelength of about 10.6 microns, an energy flux of about 51 J/hnm^ and a power level 
at least about 800 W, is delivered in a single pulse about of 0.05 seconds and can be gated, and causes between 
about 0.03 to about 0.2 millimeters lateral necrosis surrounding a TMR channel produced. When using an Argon laser 
for TMR, the laser energy has a wavelength of between about 0.488 and about 0.514 microns, an energy flux of about 
1.3-12.74 J/mm^ and a power level at least about 1-10 W. is delivered in a single pulse, and causes approximately 4 
mm lateral necrosis sun-ounding a TMR channel produced thereby, and is generated by an Argon laser. When using 
a Nd:YAG laser in a TMR procedure, the laser energy has a wavelength of about 1 .06 microns, an energy flux of about 
9.5-13 J/cnr»2 and a power level at least about 2-100 W, is delivered with a pulse frequency of about 1-10 Hz and a 
pulse width of about 1 0 nanoseconds, and causes at least about 15 mm lateral necrosis surrounding a TMR channel 
produced thereby. When using an ErYAG laser for the TMR procedure, the laser energy has a wavelength of about 
2.94 microns, an energy flux of about 50-500 J/rnm^, is delivered with a pulse frequency of about 1-15 Hertz and a 
pulse width of about 1 -250 microseconds, and causes about 0. 1 millimeters lateral necrosis surrounding a TMR channel 
produced by an ErYAG laser. 
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th« tZ^^ J embodiment laser energy is delivered to selected portions ol heart tissue by surgically accessing 
ItS^lnt r'°"' rT'"' "'^ '^''^ ^'""^-y "'^^ an epicardal surface of the heart tissue In such a^ 

to d^vZ^ °' '"^y mechanically pierced prior 

to delivering the laser energy into the myocardium. 

cathlrrnl!^L,^[.f "^'"^ ""^'^y »° '^'^^^ f^'""^ °' fieart using a 

S Jete ^'V method further comprising the following steps of introducing L 

^thefer apparatus with laser del«,ery means percutaneously into the vasculature of the patient and positioninq the 
aser delivery means at the endocardial surface of the selected portions of heart tissue. In a prefer JTmb^Sent 
he laser energy ,s delivered to the selected portions of heart tissue in a procedure using laser deliver. mZTS 

throuZ'iH 'Tr^"^^^^ 

«uough insideapatient-s coronary artery. Inapreferredembodime^^^ 

T^- ' ^"''"^ '^^^^ ""^^ •i^"^ P"°^ to delivering the laser eneri'nto me rS^ 

cardium thereby creatingawelling affect by the surrounding endocardialtissue.lnaprLrr^^ 

SrriSetr '"'°''!' r""' '""^''^^ ^"^^^^ Portions Of hSsfueS to 

TTie TMR method comprises the following steps of generating laser energy having a non-square wave shaoe a 

Of outir r^'l'r'r' ^""^^ ^^^^ ^ ^^■^^^'^^ '-^'^ delKrering^he3ener^^n a Sl^^^^^^^ 
of pulses, the plurality of pulses having a selected pulse frequency and a selected pulse width to sele^ei wSrsS 

myocardium wrthout cardiac arrhythmia and ««thout synchron^ing delivery of the Ler bearn 1 the ctrdTa^^^^^^^ 
LetX ' r ^''t P"-^ energy is delK^ered with a variable putee r^ u^n j 

b^ZTr, .t T P^«'f^^«',«'"»'«',ment, the laser energy is delivered with a variable pulse repetition rate o^ 
between about 1 and 10 pulses. In a preferred embodiment, the laser energy is delivered with a constant outee f re 

2B uln jr ■ '"''^ " ^ P"''^'^ "^"^^ ^ '^'Sh ^^P^««°" ^ fixed frequency the r^eS 

2^ "«'"9«'««^;w'thanopt.calshutterandinwhichtheshutterofthelaserisopenedandclosedinreL^^^ 

sequence of commands. In a preferred embodiment, the pulsed laser ener^ is delivered in a puIsS m^e pre^^ 

ZfsllZr^T. °' ^^^/^"-'^V- "«-9 a laser wfth a conUollable flashlamp'a^d^Srhe flash 
lamp IS allowed to fire only during certain pulses within the fixed frequency bser operation in response to a^Sm 

a Dalint"s°mt^«rHll"i'' 'T""°" ^'"^^^^ ^ ""^"^ °' percutaneous transluminal myocardial revascularization of 
a patient s myocardium for relieving angina and avoiding cardiac arrhythmia, comprising the steps of: 

ouwlTdfetefend 'nlT!''* encompassing an optical fiber into a patient's vasculature; 
guiding a distal end of the lasing apparatus to an area within the patient's heart- 
directing the distal end of the lasing apparatus to an area within the heart to be'revascularized 

s^rir^ [^^' ^"""^ ^Pe'^t'ng around 5 Hz with a laser pulse width between 100-250 miili- 

i^.tnT ^PP^°^7«^^ J0"'es/mm2 emitted from the distal end of the lasing apparatus; and 

Ztt^ L Tl ""f °' '"^^ ""^'^ •'^^'^ '^^^^ P"l««« to torm at least one chamel by the 

method Whereby the channel extends into myocardial tissue without epicardial penetration. 

in H^!^lTJ^f^^'7 °' '"^1!^""^ °* ''^^ °P''«=3' flber that is between 600-1100 microns 

in diameter and pulsation number is between 2-5 pulses with an average laser power of 3 5 watts ^ 

tho P™"^ "^^'^^ °' aspect, the step of directing the distal end of the lasing apparatus to an area within 

Irraiatt °' "^"^ '''' ''^ endocardtel waS prior to the step ofl;; 

'^''^'=""9 '''^ °' 'a«'"9 apparatus to an area within the patient's heart 

compr.es the step of piercing the optfcal fiber end partially through the endocardial well or totally th^ ^e e„S 
cardial layer prior to the step of laser inadation. ^ 

f^eartconjr^shavingtheopticalfiberendpierce totally through theendocardial^^^ 

tissue and the average power level setting Is reduced prtor to the step of laser irradiation myocardial 

In some embodiments of this aspect, the method further includes a step of providing an ultrasound device for 
TZZ^T. T" '° ' P"°^ to each Ler p S emfsslr 

. i.n. r f f • ^ °' percutaneous transluminal myocardial revascularStion of 

a patient for relief from angina while avokJing cardiac arrhythmia during the procedure. Liprising theTep ^ 
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inserting a gukJable elongated flexible lasing apparatus encompassing an optical fiber into the patient's vasculature; 

guiding the distal end of the lasing apparatus to an area within the patient's heart; 

directing the distal end of the lasing apparatus to an area within the heart to be revascularized; and 

irradiating an inner wall of the patient's heart using a HolmiunniYAG laser source with a single pulse of laser energy 

with a laser pulse width between 1 00-250 milliseconds and approximately 1 .8 Joules/mm^ emitted from the optical 

fiber's end of the lasing apparatus and the optical fiber that is between 600-1100 microns in diameter; 

whereby a formed channel by the method extends no more than approximately 3 mm into myocardial tissue without 

epicardial penetration. 

Preferably, the step of directing the distal end of the lasing apparatus to an area within the heart to be revascularized 
comprises engaging the optical fiber's end by piercing the endocardial wall surface with the optical fiber's end. 

in a further aspect of the invention, there is provided a method of percutaneous transluminal myocardial revascu- 
larization of a patlenfs heart for relieving angina and avoiding cardiac arrhythmia, comprising the steps of: 

a) inserting a guidable elongated flexible lasing apparatus encompassing an optical fiber with a distal end into a 
patienf s vasculature; 

b) guiding the distal end of the lasing apparatus to an area within the patient's heart; 

c) directing the distal end of the lasing apparatus to an area wrthin the heart to be revascularized; 

d) controlling a distance the lasing apparatus may be advanced into heart tissue; 

e) providing a Holmium:YAG laser source operating at around 5 Hz with a laser pulse width between 100-250 
milliseconds; 

f) selecting a laser power level emitted from the distal end dependent upon a controlled distance of the distal end 
of the laser apparatus in step d) ; 

g) selecting a number of laser pulses based upon the controlled distance in step d) ; and 

h) irradiating an inner wall of tha heart and forming a channel into myocardial tissue without epicardial wall pene- 
tration. 



Preferably the method further includes a step of providing an ultrasound device for determining a position of the 
distal end with respect to a ventricle wall prbr to each laser pulse. 

In another aspect, the invention provides a method of percutaneous transluminal myocardial revascularization of 
a patient's heart for relieving angina and avoiding cardiac arrhythmia, comprising the steps of: 

a) inserting a guidable elongated flexible lasing apparatus encompassing an optical fiber with optical distal end 
Into the patient's vasculature; 

b) guiding the distal end of the lasing apparatus to an area wrthin the patient's heart; 

c) directing the distal end of the lasing apparatus to an area within the heart to be revascularized; 

d) controlling a distance the distal end may be advanced into heart tissue; 

e) providing an excimer laser source operating at around 15 Hz with a laser pulse width where the distal end can 
emit radiation of at least about 50 mJ/mm^, 

f) selecting a laser power level emitted from the distal end of the lasing apparatus dependent upon a controlled 
distance of the laser apparatus in step d) ; 

g) selecting a number of laser pulses based upon the controlled distance In step d) ; and 

h) irradiating the heart's inner wall to form a channel into myocardial tissue without epicardial wall penetration. 

Preferably, the number of pulses is less than ten and the optical fiber's distal end is approximately 1 mm in diameter 
In another aspect, the present invention provides a method of selecting laser parameters for performing laser- 
assisted TMR or PTf^R procedure to avoid cardiac arrhythmia and without synchronization of delivery of laser energy 
to a patient's cardiac cycle. The method comprises the following steps, In combination: selecting a minimum power 
level of laser energy to be used, the minimum power level being sufficient to ablate heart tissue; setting a pulse fre- 
quency as great as possible and selected to avoid summation effects; setting a pulse width as long as possible and 
selected to prevent excessively high peak power without causing undesired levels of thermal damage during TMR or 
PTMR; shaping a front end of each pulse of laser energy to provide non-linear pulses to avoid cardiac arrhythmia 
during TMR; and correcting the selected power level, pulse width, pulse frequency, pulse width, and shaping for me- 
chanical events. In a preferred embodiment, the selected parameters are a single pulse, power level, energy flux, and 
pulse width. In embodiments relating to PTMR it is preferred that the depth of channel fonned by no more than half 
the wall thickness of a patient's myocardium. Numerous other advantages and features of the present invention will 
become readily apparent from the following detailed description of embodiments of the invention, from the claims and 
from the accompanying drawings, of which: 
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FIGS. 1 A-IC are graphical represontations of the process of summation. 

ohior'^^' f^ ^""^ graphical comparisons of the resultant difference between ablation with a square wave versus 
aDiaiion with a non-square wave. 

FIG. 3 Is a flow chart demonstrating a method of selecting and setting variable laser parameters 

f-IG. 4 IS a representative example of variable laser parameters 
.rrh^^ -^Tf " 'T^^^ parameters which, in optimized combinations, reduce or eliminate the risk of inducing 
mSZr^ ^TT^ a taser-assisted TMR and PTMR. The methods described herein do not require cardiac 

Eiur^Tl^^^^^^ are particularly suited to the present invention. However, anysurtable 

tZn^7 ^1 f^"^"^^' ""^^ "'^^ '^^^^ ^"^^y *^ '^^^^ d^f'very means of the present 

Z^^"" "'"'''^ P^"^""^ ^"^-^ ''n^'"de buiare not limited to^ 

olbv^ng laser operating parameters have been detemiined to be optimal parameters for perfLing laserTssisS 
revasculanzation without causing arrhythmias. ""»ming laser-assisiea 



Laser 

Operating Parameters 



Type 

Wavelength 

Laser Pulse 
Frequency 



Energy Flux 



Laser Pulse 
Width 

Wave Shape 
Ave. Power 

Lateral 
Necrosis 



Xe:CI excimer 
0.308 Mm 

5-25 Hz 



About 25-80 
mJ/mm^ 



About 20-200 
ns 

Non -square 
0.3-2.0 W 

About 5 ^m 



Ho;YAG 


CO2 


Argon 


2.1 \Lm 


10.6 Mm 


0.488-.514 






Mm 


Greater than 


Single pulse. 


CW- 


Approx. 5 Hz 


CW or 


multimode, 




superpulsed 


can be q- 






switched or 






gated 


About 


About 51 J/ 


About 


0.7-1.78 J/ 


mm2 


1-3-12.75 J/ 


mm^ 




mm^ 


About 


About 0.05 s 


N/A 


150-350^3 






Non -square 


Non-square 


N/A 


Greaterthan3 


800 W 


1-10 W 


W 






About 0.6 mm 


About 


Greater than 




0.05-0.2 mm 


about 4 mm 



Nd;YAG 
1.06 Mm 

1-10 Hz; CW 
or pulsed; 
CW can be 



About 9.5-1 3 
J/cm2 
pulsed; 
About. 8-27 
J/mm2 CW 
10 ns. CWor 
pulsed 
Non-square 
2-100 W 

Greater than 
about 15 mm 
q-switched 
10-15 Mm 



Er:YAG 
2.94 Mm 

1-15 Hz 



About 50-500 
J/mm 



About 1-250 
MS 



About 

025-0.1 mm 



and ^r^ritZ f^^\°P^^^^" 9 parameters for various types of lasers were selected to enable laser energy to smoothh^ 
andgradually .nteractwiththetissueoftheheartthereby avoiding, wherepossibl^ 

A contoured, smooth, gradual application of energy vA\} provkJe less shock to the heart itself A nm-Sare v^^^^^^ 
a relat^e^ shorter pulse width generally is preferred to achieve such smooth and graduaftLue ht^i^^ 

hT^'sTonl " " "^''"'"^ ''''' ''''' ^^^"'^ the indSu" : erlen^^^ 

Tep^rSeJ'^^^^^^^^ 

WAVELENGTH 



It IS recognized that numerous medical lasers having different wavelengths are currently available Selectbn of 
anappropnatewavelengthdependsatleastinpartuponthetissuetobetreati 

J^^^ ^^""'""9^ Holmium:YAG laser, are well surted for cutting and ablS 

tissue because. ,n general, wavelengths longer than approximately 1 .4 microns are highly absorbed by™ It is bj 
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means of this strong absorption in water that mid-infrared laser energy is converted to heat energy in tissue. 

If the energy density in the tissue is high enough, the tissue vaporizes. Since v/a\er is the primary constituent of 
most soft tissue, about 80% or more, the correlation Is fairly accurate, although there will be minor differences between 
absorption of mid-infrared energy in water and in tissue, as well as between different types of tissue. The mid-infrared 
absorption spectrum of water is well known and absorption coefficients over a larger range are available. 

The absorption coefficient a of the 2.1 micron Holmium:YAG laser is about 26 cm-^. This modality is highly effica- 
cious for cutting and ablating. For comparison, the absorption coefficients of the 1 .06 micron wavelength energy created 
by the Neodymium:YAG laser and the 10.6 micron radiation produced by a CO^ laser are 0.13 and 823 cm'^ respec- 
tively. The inverse of the absorption coefficient is directly correlated with energy absorption depth d: 

d=1/a 

A large absorption coefficient implies a short penetration depth. Penetration is short because the energy is immediately 
absorbed by the cells ctosest to the source and does not extend into the tissue. 

Other lasers include the Xe:CI excimer laser which delivers energy at 0.308 mjti, the argon laser which delivers 
energy at between about 0.488-0.514 |im, the COg laser which delivers energy at 10.6 jun, and the Nd:YAG laser 
which delivers energy at 1 .06 ^im. 

CO2 lasers used in a fluid environment in near-contact procedures, despite a relatively short penetration depth, 
have the disadvantage in that even a thin film of water between the fiber and the tissue will greatly diminish the effective 
laser power because of the large absorption coefficient Hence, the use of gas insufflation is generally required with 
the CO2 laser. Furthermore, CO2 lasers generally require further manipulatbn of parameters to create TMR channels. 

In selecting a particular wavelength for a laser, and adjusting parameters to canpensate for differences in absorp- 
tion by the tissue, it is important to consider the need to achieve an end result of a non-square wave. 

PULSE WIDTH AND FREQUENCY 

To prevent electrical arrhythmia of the heart during TMR or PTMR, it has been found that certain pulse widths not 
only assure minimal and predictable thennal damage to surrounding tissue but are less likely to interfere with the 
cardiac signal which may lead to arrhythmia. By reducing the inten/al between pulses to significantly shorter than the 
inten^al of a beating heart at approximately 60 beats per minute, or 1 beat per second (1 hertz), there is much less 
chance that a single laser pulse will side track the electrbal rhythm and take over propagation of the electrk:al impulse 
throughout the heart. Furthermore, higher frequencies create a hole faster thereby reducing the probability that a laser 
polarized group of cells in the area of channel creation will short circuit a heartbeat signal. In a preferred embodiment 
of the method of the present invention, pulse widths less than about 300 milliseconds, and preferably lower than about 
200 milliseconds, have been found to be most effective. Thus, in a preferred embodiment of the method of the present 
invention, frequency rates greater than 5 hertz and preferably between about 5 hertz and about 25 hertz are least likely 
to induce electrical arrhythmia during TMR. 

The HolmiumiYAG or other comparable pulsed laser can be pulsed at a certain rate or within a range of rates. 
Pulsed application of laser energy to effect vaporization and ablation of the tissue has been demonstrated to be pref- 
erable in some instances to application of laser energy in a single pulse. In delivering energy to tissue, a given volume 
of tissue will absorb laser energy converting it into heat. To ablate a given target volume of tissue it is necessary to put 
enough heat energy into the volume to vaporize it. A certain minimum rate of delivery of energy Is required to counteract 
the effect of thermal relaxation which is the phenomenon by which heat diffuses out of the heated volume of tissue. 
The thermal relaxation time T is defined as the amount of time required for a given amount of heat to diffuse out of a 
given volume of tissue. Based upon an estimation that the thermal diffusivrty of tissue is very close to that of water, 
and using classical heat transfer theory, the thermal relaxation time period for a spot size of tissue using a 400 micron 
diameter fiber in contact or very ck5se proximity to the tissue has been calculated to be between approximately 57 and 
286 milliseconds using the following equation: 

1/T -4a\ + 16K/d^ 

where K = thermal diffusivity of tissue, d = diameter of the illuminated spot. The calculation is based on the estimate 
that K - 1.4x10 -3 cm-2/s. * 

In general, the pulse width must be optimized to prevent a peak power spike while achieving a predetermined 
energy flux for ablation or any other procedure. Too short a duration will require too sharp an energy spike with a very 
high peak power level. On the other hand, too tong a pulse will result in summatfon of energy effects which result in 
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(It should be noted that f^^ may not remain constant in this regime: only the first pulse encounters fully hydrated, native 
tissue at body temperature.) Effectively, this criterion indicates that ablatbn can generally take place only if energy is 
supplied faster than it diffuses away. Because the thermal relaxation time T is between 57 and 286 milliseconds, the 
interval between pulses can be as short as between 20 and 50 milliseconds, which is Shorter than the shortest themnal 
relaxation time that arises from laser interaction with biologic tissue. A repetition rate greater than 3.5 hertz will permit 
entry into this Fig. 1 B regime, however, as described above, pulse frequencies of between 5 and 1 5 hertz are optimum 
for laser-assisted TMR in which the risk of electrcal arrhythmia is optimally reduced. Using these parameters, an 
average power delivery will be greater than 6 watts, or 6 joules per second. 

By further decreasing the perkxJ between laser pulses, an excess of heal builds up in the tissue as shown in FIG. 
1C. After an initial temperature rise 92 and a brief period of thermal diffusbn 94, a further pulse of energy 96 will 
continue to drive the temperature of the tissue upwards. Not only is this an inefficient modality for revascularization, 
but the risk of thermal runaway and associated thermal damage to surrounding tissue is very great. Additionally, an 
elevated temperature and excessive tissue damage will both tend to increase the risk of arrhythmia. Not only are the 
cells which are elevated in temperature more easily depolarized, as they lie in a period of relative ref ractlvity, but thermal 
damage to cells also interferes with their nomial firing and propagation of the electrical impulse. 

Therefore, in general, the power of the laser used, or the rate of delivery of energy to the tissue, can be tailored 
to avoid collateral damage of subsequent pulses. Though summation and overheating are more of a problem with 
continuous wave lasers, too small a pulse width with too high a peak-power pulse with lasers such as the Xe:CI excimer, 
though at relatively similar powers as other pulsed lasers, may also have a harmful, explosive result. 

In summary, depending upon the laser selected, the energy flux and power parameters should be adjusted to 
ensure ablation without deleterious summation effects. The net result of such optimization is a reductbn in the incidence 
of arrhythmia during TMR or other laser procedure. 

WAVE SHAPE 

As has been stated, adjustment of the parameters discussed above is designed to create a non-square wave for 
TMR and other laser applications. There is a direct correlation between likelihood of arrhythmia and wave shape. When 
TMR is performed using a wave with a square shape, that is, a wave which immediately and linearly increases to a 
near-maximum level, continues at that level until dropping sharply back to the lower level. A non -square wave wouki 
be one that is non-linear and had a more gradual increase In amplitude, or curve with a relatively lower slope, with a 
subsequent gradual decrease. Past experiences with square wave lasers in PTMR and TMR applications clearly dem- 
onstrate that the square waveform is more explosive and traumatic to the heart. A comparable energy wave with a 
Gaussian, bell-shaped or other shaped waveform does not have a tendency to create arrhythmias whereas square 
waveforms have a greater tendency to induce arrhythmia due to a resulting shock wave which adversely impacts the 
entire heart. 

Fl GS. 2Aand 2B are graphical comparisons of the resultant difference between ablation with a square wave versus 
ablation with a non-square wave. In both ptots, the vertical axis corresponds to both the temperature of individual cells 
In the volume of tissue heated by a single pulse as well as the energy level of those individual cells. In FIG. 2A, when 
a square-wave pulse is applied to the tissue, the temperature of the tissue rises sharply during the period between to 
and t^. As the population density of individual cells heated above the threshold temperature T^^ up to a maximum 
temperature T^^^ is relatively large, the chance that one individual cell might depolarize and take over or capture the 
rhythm of the heart is increased. These cells at riskof taking over the heart rate and causing an arrhythmia are identified 
by the shaded portion of the graph 100. A large population of cells rapidly depolarize and any one can serve as a situs 
of arrhythmic activity. When the pulse of laser energy Is non-square shaped as in FIG, 2B, the statistical probability 
that a single cell in the populatbn of cells between T^^, and T^^^^ might capture the electrical cycle and become arrhythmic 
is much less. Assuming that a threshold temperature exists above which temperature individual cells may become 
depolarized (but below which the risk is very small), the area 102 under the non-square, generally bell-shaped curve 
in FIG. 2B is much smaller than area 100. It will be understood that the shaded areas under the curves above the 
threshold temperature levels generally are proportional to the probability that arrhythmia will be produced - the smaller 
the area the less likelihood of Inducing an arrhythmic cardiac cycle. Thus, the areas 104 and 106 can be said to be 
proportbnal in magnitude to the decrease in likelihood that an errant depolarized cell will capture the cardiac cycle 
and cause arrhythmia. 

The net effect of providing a non-square shaped pulse wave is to cause the same anDOunt of ablation, perhaps 
over a slightly bnger period of time, with a decreased risk of inducing arrhythmia. Bell or Gaussian -shaped waveforms 
have are highly effective at channeling in the TMR procedure and the risk of inducing arrhythmia is optimally minimized. 

It Is dennonstrated that a non -square, contoured wave shape will tend to reduce the risk of causing arriiythmia in 
TMR and PTMR patients. This is generally difficult to achieve with continuous wave lasers since chopping of a CW 
laser beam will not avoki a square or othonvise fairly sharp wave front. However, using pulsed lasers, optimization of 
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wZST 7"^, "'".'"f!!' T"^'^ ^ "^'9^ peak-power spike at or near the center of the pulse. Such optimization 
will include adjustment erf the other above parameters. y^«i>u^uon 

ZONE OF LATERAL NECROSIS 

the rel^IJL'Jr^'fh °' '''r^' "'"^ °" ™" P^'^"'^^- °^ ^"^^^ ^^"^^^^ TMR result, is unclear, 

he exlen of lateral thern|«l necrosis shoukJ 

"'"""'^ '""'^ ^^'^'val from the channel ?tLlf ^d vLlI 

in general, minimal trauma to surrounding tissues is a desirable goal » cippucaiions, 

AhS™ h if f ? °' mechanisms believed to be associated with TMR 

Although rnechanically-formed channels were completely occluded within 2 days of formatbn by cellular Infiltrate 

become occluded with fibroblasts, macrophages and subsequently collagen .ouiioomay 
thouIHrtS 7°^'^'"":' ^"^°""di"9 channels may delay healing and thus increase duration of patency, 
t h«,^ „«n K .f ''^"'' ^""'^ P^'""' P^«='"de blood flow in vivo via the channels H^weve^ 

It has been shown that It IS possible toalterthe degree Of thermal injury,for example with the HoYAG laser by « 
pulse energy or repetrtion rate. It has also been shown that with la Jr created Lnnels, the extent SLl SZoe 

wrth the .nrt^l injury results in disorganization of adjacent myocytes. The observed disarray is similar to iha^S^ 

rorran^:s:™r ;r ■ °' ---^ ^^^^ be detem;:::r.: 

The above described structural changes due to lateral thermal necrosis result in diminished heart function and 

suci^ procedure. An increase m interstitial collagen can be expected toaffect heart function by decreasing coitracW^^^ 
elastoty and pumping strength, and can also be expected to decrease celHo-cell contact contractility, 

excpS of' Z^r^r^- ^' "f ^ ""'"^r "^""^'^ ^ P^^^"' a"dfe considered beneficial An 

cr^c^iiotiTeSrrT^^^^^^^^^ ^'-^^ ^^-^ - °' ^-i-^ - o^h. 

MISCELLANEOUS RARAMETERS 

H.r,!TfT' *'«"^^.°fj.i««"e.damage is the production of vapor bubbles in the tissue being ablated with lasers The 

vapor bubble effect may increase tissue injury in excess of that caused by temperature increases 

helr,'^!)^!?? temperature of the heart itself. In TMR procedures, cooling the heart will 

help prevent an accumulation of undesirable, potentially hamiful heat. In other words, summation effects can be m^ 

imized by applying extemal coolhg to the heart ttselt, or portbns thereof, sel^^^^^ 

to effectively uicrease. by as much as several fokJ or more, the thermal relaxation time for the tlsuL 

VARIABLE PARAMETERS 

.ih^iI^^^Tl'^'^"'''°."■ "^^"^^^'^^^ various parameters for different laser energies chosen to minimize the pos- 

^b^ of arrhjahmas and IS based upon a generally constant, regubr delK^ery of te^^^ 
ArrhyHimasal^m^^^ 

do not use a predictable, constant firing sequence tor the heart to follow FIG. 3 is a block diagram of a oreferred 
embodiment of a method for non.synchK,nous bser^ssisted TMR using variable parameters pS vLriabte tesS 
parameters further decreases the risk that surrounding tissue will abandon the regular pattern ofthe 3 beat to 

laser parameters in TMR procedures wrth decreased risks of arrhythmias. 
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The variable parameters may be preset at the laser console control panel. As shown, the laser energy applied to 
the heart muscle in a TMR procedure is varied by providing (1) a variable number of pulses at a randomly changing 
pulse repetition rate, (2) a constant number of pulses delivered at variable pulse repetition rates, or (3) randomly gated 
pulse delivery at a fixed repetition rate. Mechanical or direct nrK>dulatbn may be used to vary the gating. Mechanical 
modulation is preferred using a mechanical device such as an automatic shutter or beam chopper. 

FIG. 4 is a representation of beam patterns which are possible using the variable laser parameter method of the 
present invention. One method of creating a random frequency of pulses is to provide an intra-cavity beam shutter. 
The laser is pulsed at a high repetition rate of fixed interval, for example 15-20 hertz. The system's central processing 
unit (CPU) or computer contains a pre-programmed random sequence of commands to open the shutter for a random 
period of time, and close the shutter for a random period of time until the foot switch is released. Thus, line 200 rep- 
resents the fixed interval pulse rate of the laser This is a constant rate, for example 15-20 hertz. Line 210 represents 
the controller's shutter operation. It is seen that the actual laser output during this time will be controlled in an on and 
off manner automatically by the operating program of the system CPU or other processor Line 220 is representative 
of the actual output of the laser, allowing pulses of laser energy to be emitted during the "on" periods and suspending 
laser emission past the shutter during the "off" periods. 

A second novel method for producing a variable laser output pattern is to control the flash-lamp of the laser as 
opposed to a mechanical shutter. As with the mechanical intra-cavity shutter, the laser is pulsed at a fixed repetition 
rate of, typically, 15-20 hertz. The system's CPU contains a pre-programmed randomized sequence of commands to 
allow the flash -lamp driver to fire only during certain pulses with the fixed repetition rate. A pattern similar to that shown 
In line 220 is possible in this manner. 

A third method for producing a variable laser output Is to control the flash-lamp directly Instead of maintaining a 
continuous fixed repetition rate, of which only certain pulses are altowedto occur, this method uses a pre-programmed 
memory of variable repetition rates between about 5 and 20 hertz continuously delivered to tissue until the foot switch 
is released. This resultant beam pattern Is depicted in line 230, a random pattern. 

Yet a fourth method for producing a variable laser output is to change the repetition rate after a predetermined set 
number of pulses have been delivered. For example, the pattern shown in line 240 is a set of 2 individual pulses per 
each pulse repetitbn rate used. The random variation of repetition rate changes after each 2 pulse set, as shown in 
line 250 where the number of pulses per second Is shown. The resultant beam pattern is depicted in line 260, a random 
pattern. 

PERCUTANEOUS TRANSLUMINAL MYOCARDIAL REVASCULARIZATION (PTMR) 

Selection of laser parameters for percutaneous transluminal myocardial revascularization (PTMR) procedures re- 
quires consideratbn of a number of difficulties encountered In most percutaneous ventricle procedures and consider- 
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ation of factors parlicularty associated with PTMR U.S. Patent 5.389.096 issued Februaiy 14, 1995, as discussed 
abovG and PCT WO 96/35469 published November 14. 1 996 to Aita et al. . both discuss apparatus and general methods 
for percutaneous myocardial revascularization synchronized with the heart beat to avoid arrhythrDias. Like Aita's U S 
Patent 5.380.316 entitled "Method for Intra-Operative Myocardial Device Revascularization' which proposed that sur- 
gical TMR should be performed by lasing through the epicardium, these teachings suggest that conventional channels 
should be formed in a percutaneous procedure by firing laser energy from the endocardial surface, thereby destroying 
viable endocardial tissue. The percutaneous teachings briefly suggest in general terms that channels should extend 
into the myocardium at depths up to 10 mm. In particular, the 096 patent preferably suggests that channels are 1 5-2 0 
mm in diameter with 10-30 mm depths from the endocardium into the myocardium. Both references are drawn partic- 
ularty to methods and apparatus which attempt to stabilize the optical fiber device within the ventricle . and although 
both re erences note the obvious need to avoid perforation of the epicardium. neither reference addresses a number 
ot problems particular to fomnation of laser revascularization channels in a PTMR setting 

, r.xf.o?"'^"®°"® steerable laser deliveiy catheter that Is posHionable near the heart's endocardium may be used 
for PTMR treatment. Pulsed laser energy that avoids cardiac arrhythmia is delivered to sections of heart tissue through 
an optical fiber disposed within the catheter. The catheter is inserted through the femoral artery in the groin region and 
passes into the inner heart over the aortic arch into the left ventricle. Channel formation in a PTMR procedure requires 
a catheter of lengths up to 1 20 cm which poses a number of problems which must be solved by a cardiologist controlling 
the channel fomiing device from a remote position outside of the body In particular, many dynamic forces occur during 
optica^ fiber advancement through a catheter's lumen for correct positioning thereof in relation to the endocardial wall 
These forces include frictional forces within the.catheter-s lumen as well as forces encountered because of the 
patienfs cardac activity. For example, these variable forces are caused by 1) the overall length of the catheter and 
the attendant frictional forces caused by optical fiber advancement within the catheter 2) movement of the heart wall 
as the heart beats; and 3) variable tissue resistance to the optical fiber advancement through the spongy variable 
density endocardium with subsequent advancement through the denser myocardium. The endocardium a porous 
variable density tissue layer, moves towards and away from a positioned catheter delivery system tip a^ the heart 
contracts and expands. This motion is resisted by the resilient nature of the catheter tip which attempts to bias the tip 
against the endocardial wall. The dynamic encounter between the endocardium and the distal tip of the catheter also 
poses potentially undesirable heart arrythmias due tomechanical forces created by optical fiber placement against the 
endocardium and subsequent advancement through the endocardial layer into the myocardium. During a PTMR pro- 
cedure, the cardiologist must monitor these cumulative variable forces occurring at the catheter tip and perfom, laser 
tissue ablations using the catheter's proximal hand piece for both positioning the optical fiber tip and advancing the 
optical fiber as channel fonmatbn occurs. 

PTMR channels must be created in tissue which, in addition to having variable densities, may vary in depth The 
average thickness of the endocardium is approximately one mm or less and the thickness of the myocardium typically 
is approximately several cms or less. However, coronary anatomical irregularities may result in sections of the myo- 
cardium which are less than 10 mm in thickness. Unintended tissue ablations in thin areas of the myocardium may 
cause perforations through the epicardial wall leading to cardiac tamponade. Failure to account for differences in tissue 
density also may cause irregular channel formation with unwanted lateral necrosis. Laser parametere shoukJ be se- 
lected to take into consideration the relative ease in penetrating and advancing through the less dense endocardium 
as opposed to the relatively more difficult penetratbn and advancement into the denser myocardium Laser power 
level(s) and/or pulse rate(s) must be correct to ensure proper fiber advancement to avoid irregular channel formation 
with unwanted lateral necrosis. Most important, procedural steps must be observed to select proper laser power level 
(s) and/br pulse rate(s) to ensure a patient's safety and well being. 

Generally. PTMR laser parameters should be adjusted to compensate for several possible fiber optic delivery 
system positions, i.e. 1) juxtaposed or resting lightly against the endocardium without urging. 2) urged against the 
endocardium, and 3) pierced into the endocardium and juxtaposed to the myocardium. This is particularly true with 
smaller fiber optic deliveiy systems. In particular fibers smaller than 1 mm In diameter, piercing can be perfomied 
readily through the endocardium with the forces described. Any one of these three scenarios can occur while the heart 
IS beating thereby causing variable density of the endocardium and myocardium. If the positron of the optical fiber optic 
delivery system is not known or cannot be determined with certainty, prfor to deliveiy of laser energy, laser parameters 
should be selected to ensure no harm would occur given any possible position of the fiber optic delivery system For 
instance, delivering relatively high powered laser energy in scenario one without fiber advancement may cause cra- 
tering and destruction of the viable endocardium layer, or delivering such energy in scenario three with significant fiber 
adv^cement may cause perforation of the epicardium. Thus, the encountered catheter forces and uncertainties as to 
positioning the optical fiber tip in relatbnship to variable tissue densities bear upon the nature and quality of PTMR 
channel formation. Recent clinical studies have shown that PTMR procedures using laser parameters selected to fomi 
shaltower channels will alleviate angina, create channels without significant damage to the endocardium or craterinq 
and incur minimal risk to a patient • ■ ■ v-i 
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PTMR laser parameters are selected to provide a generally low power approach using a limited number of pulses 
for confined myocardium penetration to provide a safe mode to perform PTMR. Percutaneous laser revascularization 
procedures at bwer power levels with limited number of pulses per channel formed relieve a patient's angina symptoms 
while ensuring optinnal patient safety These studies used a non-synchronous based PTMR system using a Holmium: 

5 YAG laser source, e.g. an Eclipse Surgical Technologies TMR-2000 with a laser catheter delivery system whose internal 
optical fiber was one mm In diameter The catheter has a mechanism for advancing the fiber for short penetrations up 
to 5 mm depending upon left ventricle wall location. The patients who underwent this treatment experienced good 
results when a Holmium: YAG laser was operated at 5 Hz, in a preset pulse firing mode of up to five pulses/cycle, having 
an output average power of 3-4 watts where the laser pulse widths were between 100 and 250 ms, and the number 

10 of pulses per formed channel was less than five. Parametrically, the average power density ^ulse in a pulse preset 
mode is approximately 1-4.5 watts/mm^, the energy density is approximately 0.9 joules/ mm^, given an optical fiber 
diameter that varies between 600 and 1100 microns respectively Patients experienced relief from severe angina when 
myocardium penetratbn was less than 3 mm. Lower average power at the 3-4 watt range per pulse with 1 mm diameter 
optical fiber and fiber advancement up to 5 mm compensated for many variables discussed above. 

IS At a 3.5 watt setting operating at 5 Hz, the laser readily ablates approximately 1 mm sponge-like endocardial wall 

thickness and an additional 0.5 mm of denser myocardial wall thickness during the initial pulse, depending on tip 
location, with each subsequent pulse ablating approximately 0.5 mm of myocardium tissue. This step provides a welling 
action In the endocardial layer that assists in oxygenated blood transportation into the channels formed in the myocar- 
dium. Partial myocardial wall penetration for an average patient requires three or- four pulses to achieve a 2-3 mm 

20 channel into the myocardium. For patients with greater predetermined left ventricle wall thickness, the fiber advance 
can penetrate up to 5 mm with five laser pulses being fired. The amount of energy delivered using 3-4 watts and a 
maximum of five pulses is insufficient to cause unwanted lateral necrosis or epicardlum penetration in any of the three 
possible catheter tip delivery positions discussed above, but is sufficient to relieve angina. For example with optical 
fiber advancement limited to 5 mm, when an optical fiber tip is juxtaposed to the endocardium with a 3.5 watt setting 

25 where 3-5 pulse are fired, the laser pulses typically would fomn a channel approximately 2.5 to 3.5 mm depending upon 
whether the optical fiber is stationary or advancing after each pulse firing. If the fiber's optical tip pierces the endocar- 
dium prior to initial pulse firing and the laser is at the same power level and a pulse preset firing mode of 3-5 pulses, 
depth of the channel is approximately approximately 3.5 to 4.5 mm depending upon whether the optical fiber is sta- 
tionary or advancing after each pulse firing. Thus, the lower power settings provides a safety margin that ensures 

30 patients* safety in a worst case scenario. 

Although low power in the 3-4 watt range is preferred, alternate parameters can be a single laser pulse with laser 
average power settings In a 7 to 9 watt range when the heart is contracted. Generally, the alternate parameter is 
particularly suitable when the delivery system is urged against endocardium, and the energy is delivered without fiber 
advancement. The single pulse prevents cratering and the energy perforates approximately no more than 5 mm, or 

35 half the typical thickness of the myocardium. 

If a Xe:CI excimer laser is used as the laser source in the PTMR procedure, the excimer laser operates at around 
a 50 mJ/mm^ active fluence energy setting at 15 Hz. The laser ablates approximately 0.5 mm of the sponge-like 
endocardial wall thickness during initial pulsation at the inner endocardial wall where subsequent pulses in the myo- 
cardium ablate slightly less than 0.5 mm of myocardial tissue, these factors are dependent upon the heart's state and 

40 position of the fiber prior to pulsing. A channel in the myocardial wall for an average patient requires 8-10 pulses. For 
patients with greater left ventricle wall thickness, the fiber advance can penetrate up to 5 mm using up to ten laser pulses. 

If desired, the position of the catheter tip may be positively determined by partial or total piercing of the endocardia! 
wall prior to delivery of a first laser pulse. A small diameter , i.e. less than 1 mm, or a piercing tip type optical fiber on 
a larger diameter fiber can be used. Piercing provides additional stability of the catheter tip to avoid destruction of 

45 endocardial tissue during a PTMR procedure and allow welling action to occur for oxygenated blood transport to the 
myocardial layer The pulses penetrate the myocardium with an optical fiber advancement rate of approximately 0.5 
mm after each laser pulse so as to create nearly uniform channels of cylindrical shape with minimal lateral necrosis. 
Differing heart anatomies may require up to five pulses. PTMR channels of approximately the same depth in the my- 
ocadium are created when delivering a single higher power laser pulse when the heart is in a systolic state and heart 

so tissue density is greatest. 

The cardiologist may observe the PTMR procedure on an imaging screen, e.g. using well known fluoroscopic 
procedures to obsen/e the catheter's positioning In relationship to the endocardial wall. Also, an ultrasound imaging 
or ranging device nr»ay be used in conjunction with the PTMR catheter to determine catheter tip position, particularly 
in the preferred tow power embodiment when the fiber is advanced during delivery of the 3-5 pulses. The ultrasound 

ss device would ideally be used intenriittently or in real time so that fiber advancement could be assured concurrent with 
each pulse. 

Fiber advancement for the laser delivery device can typically be up to 5 mm. Compensation for greater depths of 
controlled penetration can be accomplished by adjusting either power and/or the number of pulses/ formed channel. 
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Any of the parameters discussed above may be easily controlled using the laser pulse preset mode which ensures 
that only the desired number of pulses ai^e delivered upon activation of the laser delivery mechanism, typically a foot 
pedal with automatic laser shutnoff even with continued foot pedal activatbn to ensure safety and controllability durinq 
either TMR and PTMR ' ^ 

METHOD FOR SELECTING OPTIMUM PARAMETERS 

Based on the foregoing, a preferred method for determining the optimum parameters for performing TMR utilizing 
any suitable medical laser available will be apparent. At the outset, an initial consideration is to achieve the minimum 
threshold for tissue ablation and minimize the total amount of energy utilized to complete the procedure Adapting 
parameters to this consideration will decrease the overall trauma to the heart and minimize the risk of inducing arrhyth- 
mia A power setting which eliminates potential linear effects such as short, explosively high peak power pulses will 
be more desirable. 

Additionally, when using apulsed laser, which is in general nnore desirable than a continuous wave laser increasing 
the pulse width, to prevent an excessively high peak power, to deliver a predetemiined amount of energy In a given 
pulse, up to the point of thermal damage caused by summation effects, is desirable. In other words, the thermal relax- 
ation time and factors which might affect that value including, but not limited to. heart temperature, is considered 

Furthermore, contounng or shaping the front end of the wave fomn to provide an efficient cutting or ablation wave 
shape but to prevent explosive, linear square wave shapes. Again, avoiding an excessively high peak power spike 
within the pulse will be advantageous. 

Finally, conecting for mechanical events Inherent in the selected TMR system, including but not limited to the 
elected access to the heart, duration of the entire procedure, manipulation of the laser delivery means and movement 
of the beating heart; and. mechanical events inherent in the individual patient, includingbut not limited to heart geometry, 
pre-existing heart arrhythmia or other factors causing a predisposition to such. 

The present invention is intended for use with any medical laser. In particular, the Holmium or excimer laser is 
particularly suited to the present invention. However, any suitable laser source, pulsed or otherwise, could provide 
laser energy to the laser delivery means of the present invention for performing the method of the present invention 
Likewise, the catheter and surgical equipment, including laser delivery means, referred to in the present document as 
well as that known and used in medicine and other disciplines today and in the future, will be included in the scope of 
this discbsure. Such laser delivery means include, but are not limited to. individual optical fibers as well as bundles of 
fibers, rods, mirrors configurations and other laser delivery means with and without focusing lens and the like It will 
also be understood that the apparatus and method of the present invention as described herein, including the novel 
combinations or use with any conventional mechanism or method which are known to those skilled in the art are 
included within the scope of this invention. 

It will further be understood that while the present invention has been described for performing TMR on endocardial 
surfaces in the left ventricle, the apparatus and methods described herein are equally intended for use in any suitable 
procedure, including but not limited to procedures where any device need be extended through a guiding catheter to 
an opening or other point within the body for other medical procedures including laser treatment, visualization brapsy, 
etc. Stimulation, for example, is performed by using laser energy to create zones or pockets, optionally interconnected 
at least initially by small channels ablated through the tissue, for the introduction of blood bom growth and healing 
factors and stimulated capillary growth surrounding the lased zones or pockets to create an increased supply of oxygen 
to the tissue and thus a revitalization of the heart muscle. Methods and apparatus for causing stimulation are more 
fully descnbed In coiaending European Patent Application No. 97304126.2 filed 12 June 1997. 

While the principles of the inventbn have been made clear In illustrative embodiments, there will be immediately 
obvious to those skilled in the art many modifications of structure, arrangement, proportions, the elements, materials 
and components used in the practice of the invention, and othenwise. which are particularly adapted to specific envi- 
ronments and operative requirements without departing from those principles. The appended claims are intended to 
cover and embrace any and all such modifications, with the limits only of the tnje spirit and scope of the invention 



Claims 



1. A method of setting up an apparatus for perfomriing transmyocardial revascularization (TMR) or percutaneous 
• transluminal myocardial revascularization (PTMR) with laser energy having parameters selected to avoid cardiac 
arrhythmia, the method comprising the folbwing steps, in combination: 

detemnining a wavelength of the laser energy from a laser selected to perfonn transmyocardial revasculari- 
zation; 
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using the wavelength determination to select paranneters for the laser energy to produce a non-square wave 
shape; and 

generating the laser energy at the determined wavelength with the selected paranneters to produce the non- 
square wave shape; whereby the apparatus is adapted to deliver the generated laser energy in one or more 
pulses to selected portbns of heart tissue to perform transmyocardial revascularization or PTMR in myocar- 
dium without inducing cardiac arrhythmia and without synchronizing delivery of the laser energy to a cardiac 
cycle. 

2. The method of Claim 1 wherein the selected parameters are power level, energy flux, pulse width, and pulse 
frequency. 

3. The method of Claim 2 wherein the laser energy has a wavelength of between about 1 .8 and about 2.2 microns, 
an energy flux of about 1 .78 J/square millimeter and a power level of at least about 6 watts, the laser energy being 
delivered with a pulse frequency of at least about 5 Hertz and a pulse width of between about 1 50 and about 350 
millisecond, the laser energy as delivered causing about 5 millimeters or less lateral necrosis surrounding a trans- 
myocardial treatment site. 

4. The method of Claim 3 wherein the laser energy is generated by a Holmium:YAG laser. 

5. The method of Claim 2 wherein the laser energy has a wavelength of about 0.308 microns, a power level of about 
2 watts and an energy flux of between about 2 and about 8 J/square millimeter, and is delivered with a pulse 
frequency of between about 5 and about 25 Hertz and a pulse width of about between about 10 and about 200 
microseconds, and causes about 5 microns lateral necrosis surrounding the TMR channel produced thereby. 

6. The method of Claim 5 wherein the laser energy is generated by a Xe:CI excimer laser. 

7. The method of. Claim 2 wherein the laser energy has a wavelength of about 1 0.6 microns, an energy flux of about 
51 J/square millimeter and a power level at least about 800 watts, is delivered in a single pulse about of 0.03 
seconds and can be gated, and causes between about 0.05 to about 0.2 millimeters lateral necrosis surrounding 
a TMR channel produced thereby. 

8. The method of claim 7 wherein the laser energy is generated by a CO2 laser. 

9. The method of Claim 2 wherein the laser energy has a wavelength of between about 0.488 and about 0.514 
microns, an energy flux of between about 1.3 and about 12.74 J/square millimeter and a power level at least 
between about 1 and about 10 watts, is delivered in a single pulse, and causes approximately 4 millimeters lateral 
necrosis surrounding a TMR channel produced thereby. 

10. The method of Claim 9 wherein the laser energy is generated by an Argon laser. 

11. The method of Claim 2 wherein the laser energy has a wavelength of about 1.06 microns, an energy flux of between 
atx)ut 9.5 and about 13 J/square centimeter and a power level at least between about 2 and about 100 watts, is 
delivered with a pulse frequency of between about 1 and about 1 0 Hertz and a pulse width of about 1 0 nanoseconds, 
and causes at least about 15 millimeters lateral necrosis surrounding a TMR channel produced thereby 

12. The method of Claim 11 wherein the laser energy is generated by an Nd:YAG laser. 

13. ThemethodofClaim2 wherein the laserenergyhasawavelengthofabout 2.94 microns, an energy flux of between 
about 50 and about 500 J/square millimeter, is delivered with a pulse frequency of between about 1 and about 15 
Hertz and a pulse width of between about 1 and about 250 microseconds, and causes about 0.1 millimeters lateral 
necrosis surrounding a TMR channel produced thereby 

14. The method of Claim 13 wherein the laser energy is generated by an EriYAG laser. 

15. /Vn apparatus for performing transmyocardial revascularization (TMR) or percutaneous transluminal myocardial 
revascularization (PTMR) as set up by the method of any one of the preceding claims. 

16. /\n apparatus according to claim 15 comprising a catheter apparatus and laser delivery means. 
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17. An apparatus for percutaneous transluminal myocardial revascularization of a patient's myocardium for relieving 
angina and avoiding cardiac arrhythmia, the apparatus comprising 

a guidable elongated nexible lasing apparatus encompassing an optical fiber and insertable into a patient's 
vasculature, the distal end of the lasing apparatus being guidable to an area within the patient's heart 
and directable to an area within the heart to be revascularized; 

and a Holmium;YAG laser source operating at around 5 Hz with a laser pulse width between 100-250 mDli- 
seconds. and approximately 0.7-0.9 Joules/mm2 emitted from the distal end of the lasing apparatus. 

18. The apparatus of claim 1 7 wherein the lasing apparatus includes an optical fiber that is between 600-1100 microns 
in diameter and the average laser power is 3.5 watts. 

19. An apparatus for percutaneous transluminal myocardial revascularization of a patient for relief from angina while 
avoiding cardiac arrhythmia during the procedure, the apparatus comprising: 

a guidable elongated flexible lasing apparatus encompassing an optical fiber insertable into the patient's vas- 
culature, the optical fiber having a diameter between 600 and 1100 microns 

the distel end of the lasing apparatus being guidable to an area within the patient's heart, and directable to an 
area within the heart to be revascularised; and 

Loollnn 'T' ^ ^'"9'® P"'^ °' ^"^^Sy a laser pulse width be- 

hveen 100-250 milliseconds and approximately 1.8 Joules/mm2 emitted from the optical fiber's end of the 
lasing apparatus. 

20. An apparatus for percutaneous transluminal myocardial revasculartation of a patient's heart for relieving anqina 
and avoiding cardiac arrhythmia, the apparatus comprising 

a) a guidable elongated flexible lasing apparatus encompassing an opticalfiber with a distal end and insertable 
into a patient s vasculature, the distal end of the lasing apparatus being guidable to an area within the patient's 
heart, and directable at an area within the heart to be revascularised; 

b) means for controlling a distance the lasing apparatus may be advanced into heart tissue- 

c) a Holmium:YAG laser source operating at around 5 Hz with a laser pulse width between 100-250 millisec- 
onos, 

d) means for selecting a laser power level emitted from the distal end dependent upon a controlled distance 
of the distal end of the laser apparatus; 

e) means for selecting a number of laser pulses based upon the controlled distance. 

21. An apparatus according to claim 20 wherein the apparatus further includes an ultrasound device for determining 
a position of the distal end with respect to a ventricle wall prior to each laser pulse. 

^' tor percutaneous transluminal myocardial revascularization of a patient's heart for relieving angina 

and avoiding cardiac arrhythmia, the apparatus comprising: » a <« 

a) a guidable elongated flexible lasing apparatus encompassing an optical fiber with optical distal end and 
IhflS f^^^T? ^^^'^^'^'^^^'^^ '^is^' of the lasing apparatus being guidable to an area within 
the patients heart, and the distal end of the lasing apparatus being directable to an area within the heart to 
be revascularized; 

b) means for controlling a distance the distal end may be advanced info heart tissue 

c) an excirner laser source operating at around 15 Hz with a laser pulse width where the distal end can emit 
radiation of at least about 50 mJ/rnm^, 

™^oLh H^^*"'"^ a teserpower level emittedfnom thedistal end of the lasing apparatus dependent upon 
a controlled distance of the laser apparatus; and r- t~. 

e) means for selecting a number of laser pulses based upon the controlled distance. 

fpTSnu °- parameters for perfomiing laser-assisted percutaneous transluminal revascularization 

(PTMfR) to avoid cardiac arrhythmia and without synchronization of delivery of laser energy to a patient's cardiac 
cycle, the method comprising the following steps, in combination: 

selecting a minimum power level of laser energy to be used, the minimum power level being sufficient to ablate 
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heart tissue; 

setting a pulse frequency as great as possible and selected to avoid summation effects; 

setting a pulse width as long as possible and selected to prevent excessively high peak power without causing 

undesired levels of thermal damage during PTMR; 

shaping a front end of each pulse of laser energy to provide non-linear pulses to avoid cardiac arrhythmia 
during PTMR; and 

correcting the selected power level, pulse width, pulse frequency, and shaping for limiting the depth of a formed 
channel to no more than half the wall thickness of a patient's nnyocardium. 
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